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Abstract 
Piles are usually used as mooring or berthing dolphins in harbor to resist lateral loads mainly induced 
from ships' impact, and as foundations for bridges and offshore structures (e.g. offshore wind turbines) 
to resist lateral and axial loads. During the design, the response of these piles to lateral loading should 
be analyzed, and in some circumstances, the lateral response governs the piles' design. P-y curve 
method is the most popular approach and also is recommended by the offshore design 
standards/guidelines, such as American Petroleum Institute and Det Norske Veritas. However, the 
reliability of current P-y models is questionable when these models are employed to design a pile with 
dimensions beyond their originated field tests. In this study, firstly, field lateral loading tests on a rigid 
pile and a number of finite element analyses are comparably investigated. Then, a detailed evaluation 
of current P-y models is performed and discussed. Finally, a refined design guideline is presented for 
laterally loaded piles with a wider range of dimensions. 
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1 Introduction 
Piles are commonly used as mooring or berthing dolphins in harbor to resist lateral loads mainly 
induced from ships' impact, and as foundations for bridges and offshore structures to resist lateral and 
axial loads. As the development of the offshore wind farms, the monopiles, which are single large 
diameter open-ended steel pipes, are widely installed to support the turbines. The diameters of this 
kind of piles are typically from 3.5 to 8 m, and the aspect ratios (i.e. ratio of embedded length L to 
diameter D) generally range from 5 to 12. Since the cantilever length, from the nacelle to ground line, 
of a typical wind turbine is about 3 times of the embedded length of monopiles, these piles are 
laterally loaded structures subjected to large horizontal forces and bending moments. 
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To date, the design of laterally loaded monopile is mainly in accordance with the 
standards/guidelines, such as API (2011) and DNV (2014), which recommend the P-y model based 
Winkler method. In this method, the ground soil is represented by a series of springs offering the 
lateral reaction on piles along its embedded length. One distinct advantage of the P-y model based 
design is its capability of simulating soil’s non-linear stress-strain response (Kondner, 1963). The 
concept of P-y model was originally proposed by McClelland and Focht (1956), and developed by 
Reese et al. (1974), Murchinson and O'Neill (1984) and others. Two of the most widely used design 
standards/guidelines for laterally loaded piles, especially for offshore piles, are API and DNV 
(hereafter termed as API/DNV P-y model), both of which recommend the P-y model for sand 
originated from Reese et al.(1974) and Murchinson and O'Neill (1984). A general description of this 
P-y model is as shown in: 
  (1) 
Where P is the soil lateral reaction; A is an empirical coefficient, Pu is the ultimate lateral 
resistance of ground soil, Ki is the initial stiffness of ground soil and y is the soil/pile lateral 
displacement. The value of Ki is assumed to increase linearly with depth at the rate of ni, the value of 
which is determined by relative density or internal friction angle of sand. The ultimate soil resistance 
Pu is theoretically derived equations according to the limit equilibrium state for shallow depths and 
deep depths. 
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The values of constants C1, C2, C3 can be determined according to API (2011) or DNV (2014) as 
functions of internal friction angle or density of sand deposit. The empirical non-dimensional 
coefficient A was introduced to theoretical ultimate soil resistance in order to achieve comparable 
predicted pile response to the measured back to the original field tests, on which the P-y method was 
proposed. 
As introduced in the original papers (Reese et al., 1974; Murchinson and O'Neill, 1984), this model 
was developed based on the measurements from test piles mostly with outer diameter D no more than 
2 m, and aspect ratio L/D > 20, which is much higher than those for monopiles. Different failure 
modes between long slender piles (generally with aspect ratio > 20) and short rigid piles (generally 
with aspect ratio < 12) have been reported by Broms (1964). In recent years, with a further 
investigation on laterally loaded monopiles, a growing number of researchers and designers state that 
P-y model recommended by current standards/guidelines should not be employed without 
modification on the design of laterally loaded monopile, e.g. Abdel-Rahman and Achmus (2005) 
noted that the soil stiffness at deep depth was over-estimated, which is in line with finding by Choo 
and Kim (2015); Li (2014) found that the load capacity of test piles was over-estimated when the pile 
head displacement is small and gradually under-estimated with increasing pile head displacement.  
This paper investigates the static response of laterally loaded monopiles driven in sand deposit, by 
comparison of response predicted by Finite Element (FE) modelling and API/DNV recommended P-y 
model. The FE model, calibrated by field large-scale lateral loading tests on scaled monopiles, is used 
to assess the reliability and applicability of current API/DNV P-y model. Finally, an empirical 
coefficient is proposed to modify the load capacity estimated by API/DNV P-y model to incorporate 
the monopile’s diameter effect. 
2 Validation of FE Modeling 
In this study, FE modelling with ABAQUS is used extensively to simulate the behavior of a 
laterally loaded monopile driven in dense sand deposit, which has the similar character to an offshore 
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wind turbine constructed on monopiles in North Sea. To validate the FE modelling, measurements of 
field testing of a scaled monopile under lateral loading at Blessington, Ireland, is examined against the 
FE predictions, since detailed site investigation including calibrated constitutive models of ground soil 
has been reported by Tolooiyan and Gavin (2011), Doherty et al. (2012), Gavin et al. (2014), Li et al. 
(2015), and Kirwan (2015), which is briefly introduced below. 
This site consists of uniform, over-consolidated dense, fine sand with a relative density close to 
100 %. The soil unit weight is relatively constant with depth with a value of 20 kN/m3 and the depth of 
water table is about 15 m below original ground level (GL). Triaxial compression tests give the peak 
friction angle ϕp = 54° at 1 m depth down to 42° at about 5 m depth (Figure 1 a) and the constant 
volume friction angle, ϕcv as 37° regardless of depth. Accordingly, the dilation angle ψ, estimated 
according to Bolton (1986), decreases from 21.3° at 1 m depth down to 6.3° at about 5 m depth. A 
series of cone penetration tests, conducted at the test site, show that the cone tip resistance ranges from 
10 MPa around ground surface to 30 MPa at a depth of 10 m. The stiffness E of ground soil increases 
from 35 MPa at 1 m depth to 50 MPa at 5 m depth, as shown in Figure 1 (b). 
At this site, a series of reduced-scale monopile tests under lateral loading have been reported Li et 
al. (2014). To calibrate the FE model and parameters, lateral load test of PS3 is thoroughly 
investigated below. The test was conducted in an excavated pit with a dimension of about 6 m (long) × 
4.1 m (wide) × 2.65 m (deep), i.e. 2.65 m below original ground surface where the detailed site 
investigation begins (see Figure 1 c). The test pile consists an open ended steel pipe with an outer 
diameter D = 0.34 m, a wall thickness of 14 mm and embedded length L = 4.35 m (L/D = 12.8). The 
flexural stiffness of the monopile is 38.2 MN·m2, by taking Young’s modulus of steel as 200 GPa.  
The lateral load F is applied at a given height e = 0.4 m above the new GL. 
In this study, the ground soil is simulated as drained material using Mohr-Coulomb (MC) model, 
while the monopile is modelled as a linear elastic solid cylinder with an equivalent bending stiffness 
of the hollow steel pipe pile. The 8-node continuum element (C3D8R) is selected to model the ground 
soil and solid piles. To avoid the boundary effect, the outer diameter of soil domain for each model is 
20D, the boundary underneath is set at L depth below pile tip (i.e. the total thickness of the soil 
domain is 2L). An overview of the geometry of FE model is given in Figure 2. 
 
(a) (b) (c) 
Figure 1: Test site of PS3 (a) angle of internal friction; (b) soil stiffness; (c) schematic illustration of test pile 
PS3. 
The interaction behavior between the monopile and ground soil is simulated using contact element, 
with the soil side is the master surface and the pile side is the slave. The interface friction angle δ is set 
as 50 % of constant volume friction angle and the coefficient of friction μ is 0.335. It should be noted 
that for laterally loaded piles, the influence of the interface friction angle is limited. 
The comparison of load-displacement response at GL between measured and estimated with FE 
modelling is shown in Figure 3. The predicted pile displacements match very well with the measured, 
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especially when the load is below 150 kN. The maximum difference between the predicted and 
measured displacement is 3 mm (13%) at the maximum load of 270 kN. The good agreement provides 
a reliable basis for further exploring the effects of diameter on laterally loaded monopile. 
 
 
Figure 2: 3D mesh employed in the FE model Figure 3: Comparison of load-displacement response 
3 Dimensional Effect 
Following the validation of the FE model above, a series of parameterized FE modelling is 
performed to study the diameter effect of monopiles by changing the dimensions of monopiles. A 
solid cylinder is still used below to simulate hollow steel pipe monopiles with a wall thickness of 
D/80. The diameters of these monopiles range from 0.61 m to 6.0 m, and the aspect ratios (L/D) are 6 
and 12. The pile details of the parametric studies are presented in Table 1. The load eccentricity is 
constant for all the parameterized FE modelling with a value of 6D. 
 Table 1: Dimensions of monopiles in the parameterized FE modelling 
3.1 Load-Displacement Response at GL 
A comparison of load-displacement response at GL between estimated by FE modelling and 
API/DNV P-y model is shown in Figure 4, which shows that:  
(1) for piles with D ≤ 1 m (see Figure 4 a and b), a good agreement is demonstrated up to a lateral 
displacement of about 0.1D; 
(2) for the piles with D ≥ 2 m (see Figure 4 d, e and f), by comparison with the FE modelling, the 
API/DNV P-y model over-estimates the monopile’s load capacity, and this overestimation 
increases with increasing diameter of monopile. 
Additionally, quantitative analysis is performed to assess this discrepancy by introducing a 
parameter λ, which is defined as (FAPI-FFE)/FFE. Where FAPI and FFE are calculated resistance of 
monopile by API/DNV P-y model and FE model, respectively, at a given pile head displacement (e.g. 
y0/D = 2.5%, 5.0%). 
The relationship between λ and monopile outer diameter D is presented in Figure 5, which 
indicates that, compared with FE model, API/DNV P-y model produces higher lateral resistance of 
D (m) 0.61 1 2 3 4 6 
L (m) 3.66 7.32 6 12 12 24 18 36 24 48 36 72 
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monopile, and the over-estimation is proportional to the monopile diameter D. Hence, caution should 
be given when the API/DNV P-y model is adopted in the industrial design of this kind of foundations. 
 
 
(a) (b) (c) 
 
(d) (e) (f) 
Figure 4: Comparison of the pile displacement at the GL for different diameters and aspect ratios, calculated by 
FE model and API/DNV P-y model (a) D = 0.61 m; (b) D = 1 m; (c) D = 2 m; (d) D = 3 m; (e) D = 4 m; (f) D = 6 
m. 
  
(a) (b) 
Figure 5: The relationship between λ and pile diameters D with (a) aspect ratio L/D=6; (b) aspect ratio L/D=12 
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3.2 Displacement Profiles 
To further investigate the lateral displacement response of monopile, Figure 6 presents a 
comparison of the calculated lateral displacement of monopiles along its embedded length between 
those predicted by FE model and by the API/DNV P-y model. For clarity, only displacement profiles 
corresponding to y0/D = 2.5% and 5.0% at GL are plotted. Similar to the previous discussion on the 
load-displacement response, a good agreement is shown for monopiles with D ≤ 1 m, especially for 
much slender monopiles (i.e. larger aspect ratio). The significant difference between the FE modelling 
and API/DNV P-y model is shown at deeper depth for large diameter monopiles with smaller aspect 
ratio, see Figure 6 (e). In general, the FE model gives higher lateral displacement at deeper depth than 
the one estimated by API/DNV P-y model. The main reason for this dimensional effect is probably the 
over-estimation of the initial stiffness of ground soil (e.g. Wiemann and Lesny, 2004; Lesny et al. 
2007), especially for this kind of large diameter monopile. 
 
   
(a) (b) (c) 
   
(d) (e) (f) 
Figure 6: Comparison of the pile displacement profiles, calculated by FE model and API/DNV P-y model (a) D = 
0.61 m, L/D=6; (b) D = 0.61 m, L/D=12; (c) D = 2 m, L/D=6; (d) D = 2 m, L/D=12; (e) D = 6 m, L/D=6; (f) D = 
6 m, L/D=12. 
3.3 Moment Profiles 
Figure 7 shows a comparison of the bending moments along the embedded length calculated by FE 
model and API/DNV P-y model. The difference between the maximum bending moments predicted by 
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both approaches is 12.8% for 0.61 m diameter pile and 6.5% for 6 m diameter pile. From engineers’ 
point of view, both methods could be used for internal force calculation. A further study on the 
bending moment at deeper depth of larger diameter monopile indicates that the negative bending 
moment is developed according to the estimation by API/DNV P-y model. One main reason for this, 
as analyzed in the displacement profiles section, is the unreasonable high value of initial stiffness of 
ground soil in deeper depths (Abdel-Rahman and Achmus, 2005). 
 
 
(a) (b) (c) 
Figure 7: Comparison of the bending moment profiles calculated by FE model and API/DNV P-y model (a) D = 
0.61 m, L/D=6; (b) D = 3 m, L/D=6; (c) D = 6 m, L/D=6. 
3.4 Proposed Design 
A comparison of calculated resistance of monopile, by FE model and API/DNV P-y model, 
corresponding to each given pile displacement at GL is show in Figure 8, which demonstrates the 
relationship between monopile diameter D and empirical coefficient η, (= FFE/FAPI). The value of η > 1 
means that the API/DNV P- y method underestimates the lateral capacity of monopile, and vice versa. 
Figure 8 shows that the value of η is greatly influenced by the diameter of monopile, while the aspect 
ratio has little effect. A further study on the effect of displacement level (i.e. comparison between y0/D 
= 2.5% and 5.0%) found that it has negligible effect on the value of η, even though a little scatter is 
shown for the long slender monopile. 
 
Figure 8: Empirical coefficient η of different aspect ratios 
In view of this, current API/DNV P-y model can still be employed in the design of laterally loaded 
monopile driven in sand deposit, on the condition that the load resistance predicted by this model 
multiplies the empirical coefficient η, the product of which is suggested to be the design load capacity 
of monopile under consideration. The value of this η can be determined from Figure 8. The main 
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advantage of this methodology is convenient and more reliable, for the API/DNV P-y model has been 
widely used in the industrial design and vast experience is obtained in the past several decades. 
4 Conclusion 
A series of FE modelling is performed to simulate the lateral response of monopile driven in dense 
sand deposit, which is used to evaluate the reliability of current P-y model for sand deposit 
recommended by API and DNV standards/guidelines. The following conclusions are made: 
z API/DNV P-y model makes reasonably good estimation of lateral load capacity of monopiles 
with diameter less than 2 m, and over-estimates the capacity of monopiles with diameters 
more than 2 m. The magnitude of this over-estimation is approximately proportional to the 
diameter of monopile; 
z Profiles of lateral displacement and bending moment calculated with API/DNV P-y model 
may imply that API/DNV P-y model over-estimates the initial stiffness of ground soil at 
deeper depth for larger diameter monopiles; 
z The empirical coefficient η mainly depends on the diameter of monopile, which can be used 
as a reference to modify the lateral load capacity predicted by API/DNV P-y model for design 
of larger diameter monopiles driven in sand deposit. 
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